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ABSTRACT 


The conplex brown polvrxsr produced on passage of an elec- 
trical discharge through a mixture of methane, anronia, and vgater, 
is analyzed by pyrolytic GC/>6. Pyrolyzates include a wide rarige 
of alkanes, alkenes, aromatic hydrocarbons, aliphatic and aromatic 
nitriles, pyrroles, and pyridine. Similar pyrolyzates are obtained 
from polypeptides and polynucleotides with hydrocarbon moieties. 

This polymer is remarkably stable up to 950^0! its degradation 
products are candidate constituents of planetary aerosols in the 
outer solar system .and the grains and gas in the Interstellar median. 



In Miller's orli^lnal experiment (1) on sparking reducing 
atmospheres sinulv'iting the primitive environnent of the Earth, a 
brown solid was observed to collect on the tungsten electrodes. 

While a andno and hydroxy ar.ius, and a range of other organic 
molecules . have been produced in this and similar experiments (2) , 
the brown organic residue, sometimes called "intractable polymer," 
has proved more difficult to analyze. Yet its conposition should 
be of substantial interest. The constituent materials of the "poh'mer" 
may be relevant to the origin of life, and a brown sludge floating on 
the primeval ocean may have ser'/ed as radiation shielding or other 
erTv’iromental constraints on the earliest org.anisms (3) . The reducing 
annospheres of Jupiter, Saturn and Titan contain a blue-<ibsorbing 
aerosol which may be simlLar to such organic polymers (4) . OC and a 
nirber of other molecules are known to exist on Jupiter in strong 
thermodynamic disequilibrium \<d.th their Low tameraoire enviroments, 
and are attributed to eddy diffusion from deeper and hotter atmospheric 
regimes (5). The dissociation of precursor molecules such as methane, 
jimord-a, and water in the laboratory electrical discharge and the 
quenching of the produces at much lotv'er adiacent temperatures may 
simalate on a faster time scale a jovl.m disequilibrium convection 
chemistry. Interstellar grain.«; may be produced in preolanetary stellar 
nebulae or in circims cellar sliells and r.men ejected into the inter- 
stellar medium by radiation pressure or stellar \>rinds (6) . The 
quenching of high ta perature chemical reactions in the nebula as well 
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aa electxical discharges in the nebula (7) have been proposed. 

For all these reasons, the study of arc-produced organic polymers 
Is of some interest. 

We have previously reported (8, 9) the analysis of a 
somewhat similar brovn organic "polymer" produced by near-ultraviolet 
irradiation of a mixture of methane, ethane, amnonia, and water, 
with HoS as the photon acceptor. The ultraviolet photoproduced 
polymer was found to contain 847. octatocnic sulfur. The remaining 
167., analyzed after benzene extraction, appears to be a brown, 
sticky sludge composed of organic matter, and rich in sulfur -substituted 
molecules. The brown polymer produced in electrical discharge experi- 
ments described in the pre.sent paper clearly shovre that elemental sul- 
fur is not the principal cause of the absorption of these polymers at 
short optical wavelengths. 

The experiment apparatus, displayed in Figure 1, was used to 
spark, with eight pairs of tungston electrodes, an approximately equi- 
molar mixture of methane and anmonia with a small quantity of water 
vapor; pre-sparking conditions were STP (10). No liquid \>rater was 
Introduced. 
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After sev’^al hours of sparking, the reaction vessel 
becane covered with huubreds of brown spots, I to 2 nro in dia- 
meter, with ccrparable interspot spacings, somewhat roHi®<5ling 
measles. Colors were a deep, dark brown, with no hint of yellcws 
or reds. The spark regions were initially fairly transparent; but 
after several v^eks of sparking a ixiiform film of this material 
completely covered the interior walls of the sparking \»essel. The 
discharge was terminated after 35 ilays, at which time the int»»rior 
pressure increment was 0.3 atrospheres larger than at 0 hoars. No 
substantial variation in pressure occurred when cold fingers "n the 
main flask and sparking vessel v«re brought to liqiiid N^ temeratures, 
indicating e\r*lution of such gases as H-., N.>, :ind (D. The large- 
scale production of CO .ind N^ in svich experiments is of interest for 
the chemistry of reducing pLmetary atmospheres ;ind will be discussed 
elsewhere. At the end of the experiment all gases were porptHi out, 
the reaction v'essel opened .ind the brown polvmer subjected to a ranc.e 
of .mialyses, including mass spectroscopy , combined gas chrorvitography 
.md mass spectroscopy (GC/MS) . .ind thormogT.-unmetric .inalysis (11) . 

Loiv’ sensitixi-p.' direct in.ierticn rass spcctr.TyetiP’ sbo\%vd .is 
principal pyrolysis proviucts H.>. CO.,, !0, CK^CTI, ;md aijQK). Tliese 
nitriles .md aldehydes hid criginallv been detected i?n the gas phase of 
the origiruil experiment by Sagan md Miller (12) . The pyrolytic 
.ippro.ach urproves the detection .sensitivity o\’er direct probe ia«?errion 



by a factor of > 10^, and la the method of choice when, ;ia in the 
present case, the material has a very low vapor pressure axl re- 
sists standard derivTitlzation proce^iures. Although the pvrolysate 
v«a separatet.1 by OC prior to .malysis of indi\'idual (X: peaks 
indicates manv are mixtures of tvr» or more corfx>irjds , as Ivis been 
fomd for conplex soluble products in previous experiments on pre- 
bio logical orn^anlc chanistry. The identifications reported here 
are based both on the princinal pe:iks ,uvl on the OC retentlixi 
times. There is a tendency for po.ar ccrpounds to bo ;»b8t''rbcu in 
the analvtic system .uxl prxxiuce spectr.al own lap. We Ivive also con- 
firmed st^ne 75"* of the pyrolysis prixJucts by the APP computer search 
system. 

The compounds released at \’arious terreratures ^.turinit the 
seouential vacuum p>To lyses :ire given in T.ible 1. This t^ible indi- 
cates thit some, but not all, of the nitrogen-containing c«.Tpmnds 
televised at ISO'^ .md 300^C, such ;is .acetonitrile, .icryUTvitrile, viml 
benrcnitrile are less tightly bovnd in the poUmier thm the nwjority 
of hvxircvarbons which wre not released imtil 4:’ 0*^0. Also, there is 
a de;irth of oxygen compounds; yet is a rvilor pro«.Kict at .ill 
pyrolysis temperatures, perhips indioatiw of carboxylic aci«.ls. It 
is interesting to note that acetic acid, the onlv oxygen ocmxmd 
besides CO.-,, wns release^.! v^nly at 150*^C .md, therefore, could not 
possibly be a pyrolysis .irtifact. The persistence of the .s;ime 
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pyrolysis products at increaslru; pyrolysis t jTperaciires serves as 
an experioiental ccnfiznation that secondary reactions during high 
tenperature pyro lyses were of mininal iirportance. 

The non-sequaitlal pyrolysis at 600°C Is given in Table 2. 

As this pyrolysis was conducted with a larger quantity of polymer 
and at the maxlaun tenperature available to us. It confirmed the se- 
quential pyrolysis results and helped to Identify a greater and more 
diverse suite of conponents. As in the pyrolysis of U.V. photopro- 
duced "polymer,” published earlier (9), we again obtained, by both 
types of pyrolyses, series of homologous corpounds typical of abio- 
logical syntheses. The various results suggest that the spark-discharge 
"polymer" has a relatively stable matrix which consists, at least in part, 
of nitrogenous conpounds, arui probably also of hydrocarbons. Additional 
nitrogenous conponents are attached to this matrix through highly 
varied bonding energies. 

The pyrolvzatc of the brcx^n polymer produced in our H2S 
ultraviolet experiment (9) contained alkanes, alkenes and allq/ldi- 
sulphides up to Cy. A rather similar list of saturated and un- 
saturated aliphatic hydrocarbons ud to C-, are found in the oresent 
spark discharge experiment. Simple and substituted aromatic hydro- 
carbons are found in both experiments. Thiophenes, mercaptans. 
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disulphides, and C ■ S ccnpcnnds fcxnd in the ultravlolec experi- 
ment are, of course, not present in the spark discharge cxperiinent. 
The variety and nature of the nltro^ercus conpcxivia fcxnd in the 
spark experinients is strUdn«. More than 15 nitriles are identified. 

The pyrolysates of the spark-discharv?e polymer consist 
mostly of aliphatic and aromatic nitriles, pyrrole, short chain 
(< C^) aliphatic hydrocarbons with minor anrnnts of aromatic hyctro- 
carbons. The above suite of pyrolysis products can be derl\’ed from 
the pyrolysis of a polymer consisting basically of .inino acids ;md/or 
polypeptides (13). Hcv«ver, other nitrogen containing polNmers, in- 
cluding po IvToicleocides , also give rise to nitriles upm pvro lysis, 
and the hydrocarbon pyrolv^rates could be braikdown prtxiucts of a 
methanoeenous polsTner. Therefore, the poUmer formed dui*ing this 
spark-discharge reaction betwen CH, NH^, .and H^O could be largely 
a heteropolypeptiJe formed from HCN-H.-,0 polN-nerirntion (14) , or a 
nitrile polymer (2), each likely containing sixn? hvdrc>carbon moieties, 
or a combination of both. The pyrolycates listed in Tables 1 and 2 
are similar to the pyrolysis fmgmants from pi^lvpeptides , nolyTiucleo- 
tides, and hyxlrocarbon polymers, .md are therefore of interest 
in the context of the origin of life. The presence of pyrroles is 
also notewrthy. 
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Ther'n>|ii.’'avlinBtric jnalvstfa fjr both the ultraviolet 
^ilfur-rlch brvTwi "polymer" (9) aiul the electric dlschante eulfur- 
freo brc%r» "polvmer" are ehixen In Fl^nre 2. The wel^t loss deri\Ti- 
tl\-e near 100*^0 wns so steep for the ultritvlolet polymer that the 
experiment v>is terminated at chat ter^rature for fear of con- 
taminating the thernwgra\'i astrlc .avilN'rer. The dlschw^rge "pohwr," 
on the other hand, exhibits remarkable thermal stability, being onlv 
ha If -dissociated at '^50^C. ftl•lx^n polvmerlc material of ti-# sort 
t-lescrlbed in this experinwnt, therefore, can plauaiblv have been 
ejected frvm high temperature clrwamstellar clouds during the 
Havashi plvase of Oiirly stelLu: ewlutLn or after the red giant st;ige 
of late stellar evvlutlon ^uxi sur\’i\xHi to Interstellar spjice. The 
Infrared absoTOtion, spjillatlon pnxJucts, .uvl other properties of 
this mtiterlal setm to rivitch astronmical i-hseix'ations of the Inter- 
stelLir nvvlivin: ,ud propose thit the polymer vlesoribed in this 
pK^-er mav be quit*; similar to a principal o^mstit lenr of the inter- 
stelLu* grains (\6) . 

We ht're repi'rtevl i^nlv the PN’rv-'h'rates of the bt-vx^n 
pohrvr. n^^'t its tvill smicture \*hich ;n.wt be oxtrtrvlv ovxiplex. 
llx^vv-er, thetrul .md ra^liatiw''n degrad,it I lTj of the pvtIstvi* is likely 
to r:\ike svtv of tlv mi'livules report cxi in Tables I .u\l 2 accessible, 
both in the airospheres of .Tv3-*iter. ^»rum .md Titan, .ir.d in t!u? 
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lncersc«lLtr median co eporoprijite spectral analvsls, Tisperatares 
of 950^C are reached on Ji^lter ac oreesuree of hmdreda of bars; 
the characcerlatic clrcuLaclon elms to the I to 0,1 bar le\<el, 
vhere spectroscopic obeet\’atione can be nade, is romhly a year (4). 
If such a nolymer exists on Jupiter its hish v’ap^r pressure oyrolysis 
products should be circulated to the hiishest atnv*sphere where thev 
mav be subject to spectroscopic or direct entry probe Identification. 
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In .» p.T>lcal e.NperL'TWic . .i pvrex fLisk. sSl-vti At rl^;ht In Fiwtux'e 1. 
is o.Ttnected to the s{\irkin»; %vssel with .i conbined total wlvrie of 
13.326 liters .md flllevl with netlvme. .rrvm.i. .md water \-nrv>r at 
respect l\-e wUne ndedn»: ratios of 51.3 ^ 3.0. 45. 3 6. .md 
2.r ^ O.v'T.. T!'.e e..ises w.*e tr:m.sferred bv a thrtv-st.iv-.e rnero.ao.’ dif- 

fvisivTi piix ill r.mden with a nxvhimical pirp. c.ao.ible of proAurlnj; .i 
\“icuvr! less th;m 10 rorr. ''.atb.e.‘«i'*n .mh'vlrvxts .irrx'r.i.j .md rese.arch 


P'.u'itv r.etb-.me. '.vth at rri:vim.r'. purit\’ ^vre ser.iratelv pviri- 

fievi umther bv l.'w torperatxnre \’-.\cvii5?. di.^^t ill.it ion. .iixm to -1‘^6^'c, 
•.mtil f>.xr.d tt’ns.Tietric.illv !vmx*.ertvvy? . CvaiMrable "'rocautions '^vre 


t.keii \<rt.th distillevl witer. >Vr*vme .md .mT'd-.i xvre initiallv rr;m.s- 


ferred into the spiirlci:\>; ws.sel through .» loic terT^'r.atime spiral tr.ap. 
Tetl»,Ti stopcocks uvre used. Tlie hi>’,h frecuency Tesla coils imloyevi 



are BD-20 and BD-IO made by Electxo-cechnlc Products, Chicaj^o, 

IllinDls, supplying appir)xlinately 50 Kv at 4 to 5 and 50 Kv 
at 3 to 5 Miz, respect i’/ely. Spark length for the 8 pairs of 
electrodes vas approximately 1/4 inch; they were operated according 
to a sequential program, no adjacent coils operating at the same 
time. 
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to reccve most of the absorbed gases. The products were trapped at 
liquid cenper Azures and then injected directlv Into a GC which In 

turn was directly comected through a heated transfer line to the 'C 
system. The polymer product, now oyrolyzed at 150°C was then returned 
to room tarperature, heated to 300°C, its pjyrolysis products trapped 
at liqui'*. . temperatures, and then again directly transferred to the 
GC/yiS Such seqxiential pyrolvsis vns continued at 450°C and 

600PC; and 50 mg of sanple "polymer" sxjbjected to a single high tenpera- 
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apparattis are described by E.L. Bandurski and B. Magy [ Geochlm . 
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double focusing MS using a direct insertion probe. 
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Table 1 

"Polymer" Components fron Spark* Discharged Synthesis Experiments 

(CH^, t« 3 , HjO Mixture)** 

Sequential Pyro lyses at 15(r, 300P, 450^ and oOOP C 
(- 25 mg of "polymer" pyrolyzed) 


COMPOUNDS IDENTIFIED 

* 

IV 

COMPOUNDS IDENTIFIED 

k 


150PC 



450°C 



carbon dioxide 

M 

44 

carbon dioxide 

M 

44 

hydrogen cyanide 

M 

27 

hydrogen cyanide 

M 

27 

annonia 

M 

17 

aomonia 

M 

17 

butadiene 

m 

54 

ethane 

M 

30 

acetic acid 

m 

60 

butane 

m 

58 

acetunitrile 

M 

41 

pentane 

m 

72 

acrylonitrile 

M 

53 

butene 

M 

56 

succinonitrile 

m 

80 

pentene 

m 

70 

benzonitrile 

m 

103 

toluene 

m 

92 




xylene 

m 

106 

300°C 



C 3 -alkylbenzene 

m 

120 

carbon dioxide 

M 

44 

C 2 “alkylindane 

m.t 

146 

hj'drogen cyanide 

M 

27 

methylindene 

m.t 

130 

ammonia 

M 

17 

acetonitrile 

M 

41 

ethane 

M 

30 

propanenitrile 

M 

55 

propane 

M 

42 

pentanenitrile 

m 

83 

butene 

m 

56 

acrylonitrile 

M 

53 

acetonitrile 

M 

41 

siiccinonitrile 

m 

80 

propanenitrile 

M 

55 

benzonitrile 

m 

103 

acrylonitrile 

m 

53 

tolunitrile 

m 

117 

succinonitrile 

m 

30 

indole 

m. t 

117 

’■enzonitrile 

m 

103 







600°C 






carbon dioxide 

M 

44 




hydrogen cyanide 

M 

27 
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ammonia 

M 

17 


OF. POOR 

QUALITY 

ethane 

M 

30 




ac 3 tonitrile 

M 

41 




acrylonitrile 

m 

53 




benzonitrile 

m 

103 


*M » major component, m » minor cotmonent, t - tentative identification 
- 49. (r; NH 3 - 48.57,‘ H^O - 2. 57, 



Table 2 

"Polymer" Oorponencs fran Spark-DlscharRe Synthesis Experiments 

(CH^. Mi 3 . H 2 O Mixture)*^ 

Non-sequential Pyrolysis at 60CP C 
(50 mg of "poJvmer" pyrolyzed) 


okioinm. pa«^ 


OQMPaTCS IDENTTFin) 

★ 


ocMPaTiDS mEjn-rFiED 

HD 


carbon dioxide 

M 

44 

Nitrogenous Conpoinds 






hydrogen cyanide 

M 

27 

Hydrocarbons 



dnnicni.4d 

M 

17 

ethane 

M 

JO 

acetonitrile 

M 

41 

propane 

M 

44 

prof^jnenitrile 

M 

55 

butane 

M 

58 

2 -me t hy Ipropaneni tr i le 

M 

69 

ethene 

M 

28 

butanenitrile 

M 

69 

propene 

M 

42 

pentanenitrile 

M 

83 

butene 

M 

56 

C^-alk\'lnitrile 

m. t 

97 

C^-alkene 

m 

70 

acrylonitrile 

m 

53 

butadiene 

m 

54 

butenenitrile or 



Cj -diunsaturated 



me thacry loni tr i le 

M 

67 

hydrocarbon 

m 

96 

penteneni* rile 

m 

81 

tolune 

m 

92 

succinonitrile 

M 

80 

ethylbenzene 

m 

106 

glutaronitrile 

M 

94 

xylene 

m 

106 

N, N-dimethyljnino- 



tr imethy Ibenzene 

m 

120 

ethanenitrile 

m 

84 

C, -alkvlbenzene 

*4 

m 

134 

benzonitrile 

m 

103 

indane or methyl- 



tolunitriles 

M 

117 

styrene 

m 

118 

pyrrole 

>! 

67 

indene 

m 

116 

p\TTidine 

m 

’9 

methyiindene 

m 

130 

methy Ipyr idint 

m 

93 

ruiphthalene 

m 

128 

-alkv Ipvrid inos 

m 

107 




methylethylpyrazine 

m.t 

122 


•'^>1 “ major component, in - minur conponent, t - tentative identification 


- 49.07. NH. - 43.57. H.,0 - 2.57. 

a j .. 


Vacuum Line 



Manometer 

Figure 1 




